Introduction: Guidelines for the use of cerebrospinal fluid (CSF) biomarkers in the diagnosis of Alzheimer's disease (AD) establish that each laboratory must use internally qualified cutoff values. We determined the concentrations of biomarkers that discriminate cases from controls and combinations that predict the progression to dementia in a Brazilian cohort. Methods: Concentrations of amyloid-beta peptide (Ab 1-42 ), total tau (T-tau), and 181 Thr-phosphorylated-tau (P-tau) were determined in CSF samples from 184 older adults (68 mild cognitive impairment, 41 AD, 34 non-AD cognitive impairment, and 41 controls) by the INNO-BIA AlzBio3 assay. Results: Cutoff values discriminating AD from controls are as follows: Ab 1-42 : 416.0 pg/mL (sensitivity [SE]: 83%, specificity (SP): 70%); T-tau: 76.7 pg/mL (SE: 82%, SP: 67%); P-tau: 36.1 pg/mL (SE: 83%, SP: 49%); Ab 1-42 /P-tau ,9.53 (SE: 88%, SP: 78%); and Ab 1-42 /T-tau ,4.13 (SE: 80%; SP: 80%). Combining values Ab 1-42 ,416.5 pg/mL and Ab 1-42 /P-tau ,9.5 best predicted the conversion in 2 years (Cox regression: hazard ratio 7.24 [2.09-25.06], P 5 .002, SE: 74%, Sp: 73%).
Introduction
Alzheimer's disease (AD) is the leading cause of dementia, affecting .35 million people worldwide [1] . The neuropathologic hallmarks of AD are the neuritic plaques and neurofibrillary tangles, which, respectively, arise from the extracellular deposition of the amyloid-beta (Ab) peptide and from the intracellular accumulation of hyperphosphorylated tau protein in neurons. The pathophysiological changes that cause cognitive, functional, and behavioral impairment in AD allegedly start several years or perhaps decades before the onset of clinical symptoms [2] . Molecular and neuroimaging markers portray the presence of AD pathology [3] [4] [5] ; therefore, AD biomarkers may play an important role in the diagnostic workup of patients with cognitive impairment, particularly among those with clinical symptoms compatible with prodromal AD [6] .
Over the past years, multicenter task forces invested substantial resources in the integrated study of clinical, genetic, biochemical, and neuroimaging markers of AD and their relationship with clinical symptoms and rate of disease progression [7] . Many efforts have been expended to determine the specific pattern of changes that is found in AD and the predictive value of such findings in the diagnosis of predementia AD. The so-called "AD signature in the cerebrospinal fluid (CSF)" subsumes decreased concentrations of the Ab 1-42 peptide [8] and increased concentrations of total tau (T-tau) [9] and hyperphosphorylated tau (P-tau) [10] . Studies have shown an average decrease of 50% in CSF Ab levels in AD compared with cognitively normal elders, along with a 300% increase in T-tau and a 200% increase in P-tau [5, 11, 12] . This set of biomarkers were accepted as proxy, in vivo evidence of the AD pathology, and incorporated into the revised diagnostic criteria of the National Institute of Neurological Disorders and Stroke, Alzheimer's and Related Disorders disease as supporting features to the diagnostic of AD [13] , including its predementia and preclinical stages [14] . In combination, these biomarkers have a sensitivity (SE) and specificity (SP) profile in the 85%-95% range for the diagnosis AD at prodromal and dementia stages [15] . The availability of this technology reinforces the use of AD biomarkers in the selection of more homogeneous samples of patients for research purposes, particularly intervention trials with antidementia drugs. The translation of this method into a diagnostic tool for clinical purposes is expected in the near future, particularly to support the prediction of dementia among patients with subtle memory symptoms [15] . Therefore, it is relevant to determine the biomarker profile that distinguishes individuals at risk of AD among those diagnosed with mild cognitive impairment (MCI). The aim of the present study was to determine CSF concentrations of Ab 1-42 , T-tau, and P-tau and the respective cutoff scores that best discriminate normal elders from patients with AD, as well as the combination of values that predicts the conversion from amnestic MCI to dementia in a cohort of older adults.
Methods

Subjects and assessment
The present study was conducted at the psychogeriatric clinic of a tertiary, university-based hospital in Brazil (Institute of Psychiatry, Faculty of Medicine, University of São Paulo). A total of 184 older adults were enrolled after signing informed consent. The study was approved by the local Ethics Committee and conducted under the tenets of the Helsinki Declaration. The study was designed to include a cross-sectional assessment of the whole sample at baseline, followed by the longitudinal reassessment of nondemented participants at 12-month intervals. Initial assessment was performed by psychiatrists and a neurologist through the Brazilian version of the structured interview for Cambridge mental disorders of the elderly examination [16] , which provides scores for cognitive test Cambridge (CAMCOG), and mini-mental state examination (MMSE) [17] . Neuropsychological assessments were performed by trained neuropsychologists and included the Fuld object memory evaluation (FOME) [18] , the trail making test (TMT) A and B [19] , and the short cognitive test (SKT) [20, 21] . In view of the variability in educational level of the subjects in the sample, the cutoff scores of neuropsychological tests are also adjusted for age and educational level. To rule out cases with comorbid major depression, participants were assessed with the 21-item Hamilton depressive scale [22] and euthymia was defined as a score ,8. All participants underwent blood tests (complete blood count, blood chemistry, thyroid function, blood lipid profile, folic acid and vitamin B12 dosage, and syphilis test), and neuroimaging (magnetic resonance imaging) studies, to exclude metabolic and vascular etiologies for MCI and dementia. Additional information on the assessment protocol can be found in previous publications from our group [23, 24] . Clinical diagnoses were established at consensus meetings, taking into account all clinical and laboratorial information gathered by a multidisciplinary team including physicians (psychiatrists, a geriatrician, and a neurologist), neuropsychologists, physical therapists, speech therapists, occupational therapists, and gerontologists.
The patient sample comprised 41 demented patients with mild AD [25] , 68 subjects with MCI [26] , and 34 patients with cognitive impairments due to other neuropsychiatric conditions, namely 17 with major depression [27] , 6 with bipolar disorder [27] , and 11 patients with non-AD neurodegenerative disorders (frontotemporal dementia, Huntington disease, multiple system atrophy, Lewy body dementia, and corticobasal degeneration). The comparison group comprised 41 healthy older adults with no evidence of cognitive impairment or psychiatric disorder at the time of clinical and neuropsychological assessment. Healthy controls were recruited with the aid of internal and media advertisements. We also included older adults who volunteered to join our cohort after becoming aware of this initiative from information provided by other participants in the study and their relatives. In any case, volunteers were only included in the cohort as healthy controls in the absence of any relevant memory complaints, medical comorbidities, and psychiatric history and if they had a normal performance in neuropsychological tests.
Healthy controls and subjects with MCI were annually reassessed (mean duration of follow-up: 24 6 11 months) and had their diagnostic status adjusted depending, respectively, on the onset of cognitive deficits (incident MCI) or the progression from MCI to dementia. MCI subjects with conversion to AD during follow-up were reclassified as having MCI-AD. MCI subjects remaining cognitively stable over time were designated as having stable MCI (MCI-S). Conversion from MCI to incipient dementia was characterized by objective measures of functionality with the Brazilian version of the direct assessment of functional status [28, 29] .
CSF biomarkers analysis
CSF samples were obtained by lumbar puncture in the L3/L4 or L4/L5 intervertebral space, with a 23-gauge needle and using polypropylene tubes, in the morning period without fasting. CSF samples (12-15 mL) were centrifuged at 3200 ! g for 10 minutes at 4 C, split into 0.5-mL aliquots in cryotubes (Sarstedt), and immediately frozen and stored at 280 C until analysis, without being thawed and refrozen. CSF concentrations of the 42 amino acid-long Ab 1-42 , Ttau, and 181 Thr-phospho-tau (P-tau) were determined in duplicates with the INNO-BIA AlzBio3 assay (Innogenetics, Ghent, Belgium), a multiplex microsphere-based xMAP platform that allows the simultaneous analysis of the three biomarkers. After prewetting the filter plate with a wash buffer, a suspension of microsphere carrying the corresponding capturing antibodies (AT120, AT270, and 4D7A3 for Ttau, P-tau, and Ab 1-42 , respectively) was added to the plate. A mixture of biotinylated detection monoclonal antibodies, designed to detect specifically one of the capturing antibodies (HT7 for T-tau and P-tau and 3D6 for Ab , and 75 mL of CSF or standards were added to the plate and incubated overnight in the dark. Next, the plate was washed and a detection conjugate (phycoerythrin-labeled streptavidin) was added and incubated for 1 hour at room temperature. The plate was washed and after the addition of a reading solution (phosphate buffer saline) the assay was analyzed on a Luminex 100IS platform (Luminex, Austin, TX, USA). Standard curves were constructed for each biomarker using a sigmoidal curve fitting method, and the mean fluorescence values for the duplicate CSF samples were used to determine the concentration of Ab 1-42 , T-tau, and P-tau.
Statistical analysis
Differences in sociodemographic characteristics, cognitive performance, and CSF biomarker concentrations at baseline were analyzed by analysis of variance tests with least square difference tests for pairwise post-hoc test between groups. Differences in gender distribution were analyzed by c 2 tests. Differences in baseline and follow-up neuropsychological scores for MCI-AD and MCI-S groups were analyzed by paired sample t test.
Receiver operating characteristic (ROC) curves were carried out to determine the SE, SP, and area under the curve of CSF biomarkers for the discrimination between AD and controls. Then, we evaluated the cutoff values generated in these analyses for the differential diagnosis between AD and other diagnostic groups (MCI and non-AD cognitive impairment/ dementia). We also evaluated the power of these biomarkers and respective cutoff values to predict the risk of progression from MCI to AD in the longitudinal arm of the study. Additional analysis with Kaplan-Meier survival curves and timedependent Cox regressions was carried out to assess the best biomarker combinations and predictors of progression to AD in MCI subjects.
Results
Sociodemographic characteristics, cognitive performance, and concentrations of CSF biomarkers at baseline
Patients with AD as expected were older and had lower scores on cognitive tests (MMSE and CAMCOG) compared with the other diagnostic groups. There were no significant differences in gender distribution and years of education between the diagnostic groups (Table 1) . Table 2 displays the results of two consecutive neuropsychological evaluations performed at an interval of at least 1 year; in the MCI-AD group, the scores in all neuropsychological tests remained stable over time, whereas in the MCI-S group, there was a decline in TMT-A, FOME, and SKT scores in the same period, and the patients were now classified as mild AD. Subjects with AD also had significantly lower CSF concentrations of Ab 1-42 and higher concentrations of P-tau and T-tau compared with those of healthy controls and the other diagnostic groups; likewise, the Ab 1-42 /P-tau and Ab 1-42 /T-tau ratios were significantly lower in AD compared with the other groups. As expected, subjects with MCI had intermediate levels (i.e., between AD and controls) of all biomarkers (Table 3) .
CSF biomarkers: cut-off scores and diagnostic accuracy
ROC curves were built to determine, for each CSF biomarker and combinations (ratios), the cutoff scores that best discriminated AD from controls based on SE and SP values (Table 3) . CSF concentrations of Ab ,416.0 pg/mL (SE: 83%; SP: 70%) and Ab 1-42 /P-tau ratio ,9.53 (SE: 87.5%; SP: 78%) best differentiated AD from controls. We further determined whether the combination of biomarkers and their ratios might increase the diagnostic accuracy for the diagnosis of AD subjects compared with controls. Fig. 1 presents the distribution of subjects according to the values of T-tau (x-axis) and Ab 1-42 /Ptau ratio (y-axis) in the whole sample (Fig. 1A) , and in the subsample of patients with MCI (Fig. 1B) , taking into account the longitudinal change in diagnostic status, i.e., conversion to dementia (MCI-AD) or stability of MCI diagnosis (MCI-S). It is noteworthy that MCI patients who converted to dementia on follow-up had a distribution similar to that observed among AD patients who were already demented at baseline, i.e., T-tau .76 pg/mL and Ab 1-42 /P-tau ratio ,9.5.
Cross validation using the "leave-one-out method" was used to determine the reliability of our CSF measures; in this method, each subject is removed, a new cutoff point is determined, and the subject is reclassified based on the new cutoff point. The same process is repeated for all subjects in the sample and the new generated classification is compared with the actual diagnosis. Ab 1-42 /P-tau yielded SEs of 87% and 78%, and predictive values of 79.5% and 86% in classifying AD and controls, respectively; Ab 1-42 / T-tau provided SEs of 72% and 76.5%, and predictive Thr-phosphorylated-tau; AD, Alzheimer's disease; Non-AD, cognitive impairment or dementia due to other etiologies; MCI, mild cognitive impairment; CSF, cerebrospinal fluid; MCI-AD, MCI subjects who progressed to AD; MCI-S, stable cases of MCI (i.e., subjects who retained the MCI diagnosis on follow-up); pathologic signature 1, Ab values of 87.5% and 76.5% in classifying AD and controls, respectively. These results have ensured an accuracy of 82.7% in discriminating AD ! controls for the Ab 1-42 / P-tau ratio, and of 81% for the Ab 1-42 /T-tau ratio ( Table 4) .
The best diagnostic accuracy was obtained with the following combination of biomarkers: "pathologic signature 1" took into account the cutoff values of Ab 1-42 ,416.0 pg/ mL and Ab 1-42 /P-tau ,9.53 yielding an SE of 78% and an SP of 83%. The second combination ("pathologic signature 2") took into account the cutoff values of Ab 1-42 ,416.0 and Ab 1-42 /T-tau ,4.13 yielding an SE of 73% and an SP of 85%. Levels of Ab 1-42 ,416.0 pg/mL were found in 12 controls (29.2%).
Next, we determined whether these cutoff scores and pathologic signatures could also distinguish AD from other groups of patients with cognitive impairment (MCI and non-AD) and also whether this set of information could help predict the progression from MCI and AD. Table 3 presents the SE and SP values for each biomarker and pathologic signatures. Fig. 2 depicts a scatter plot of "pathologic signature 1" in the whole sample ( Fig. 2A) and in the subsample of subjects with MCI (Fig. 2B) according to the follow-up outcome (conversion to dementia), indicating that AD patients and MCI-AD concentrate in the left-lower quadrant considering their values of Ab 1-42 /P-tau in the x-axis (,9.53) plotted against the values of Ab in the y-axis (,416.0 pg/mL).
Survival analysis
Kaplan-Meier curves and Cox regression analyses showed that patients with MCI who displayed at baseline the "pathologic signature 1" (Ab 1-42 ,416.0 pg/mL and Ab 1-42 /P-tau ,9.53) had a higher risk of progressing to AD as opposed to those without it (hazard ratio [HR], 7.24; 95% confidence interval [CI] [2.1-25.1]; P 5 .002). MCI subjects who had at baseline the "pathologic signature 2" (Ab 1-42 ,416.0 and Ab 1-42 /T-tau ,4.13) had a higher risk of progressing to AD compared with those without it (HR, 6.5; 95% CI [2.1-19.8]; P 5 .009). The HR was reduced, but still significant after controlling for cognitive and demographic data ("pathologic signature 1": HR 5 5.6, 95% CI [1.5-20.9], P , .001; "pathologic signature 2": HR 5 4.80, 95% CI [1.5-15.6], P 5 .009). Fig. 3 shows the Kaplan-Meier curve for MCI subjects with "pathologic Fig. 1 . Distribution of subjects according to the values of T-tau (x-axis) and Ab 1-42 /P-tau ratio (y-axis) in the whole sample (A) and in the subsample of patients with MCI (B) taking into account the longitudinal change in diagnostic status, i.e., conversion to dementia (MCI-AD) or stability of MCI diagnosis (MCI-S). Abbreviations: T-tau, total tau; Ab 1-42 , amyloid-beta peptide; P-tau, 181 Thr-phosphorylated-tau; MCI, mild cognitive impairment; MCI-AD, MCI subjects who progressed to Alzheimer's disease. Thr-phosphorylated-tau; T-tau, total tau. NOTE. Biomarker concentrations are given in pg/mL. signature 1" compared with those without it and the progression to AD.
Discussion
In the present study, CSF concentrations of Ab 1-42 had SE and SP values similar to those reported in previous studies discriminating AD from controls [30, 31] , whereas T-tau and P-tau values alone had a discriminatory power lower than that reported by other groups [32] [33] [34] [35] [36] . Yet, the combined analysis of biomarkers ("AD signatures") yielded estimates of accuracy very close to those recommended in the literature as good for a diagnostic biomarker [37] : "pathologic signature 1" (plotting values of Ab and Ab 1-42 /P-tau ratio) and "pathologic signature 2" (plotting Ab and Ab 1-42 /T-tau ratio) provided estimates of SE .70% and SP .80% differentiating healthy elders from AD patients. Compared with literature data, we also found a similar performance of these combinations of biomarkers in the prediction of conversion from MCI to dementia (AD) [36] [37] [38] [39] .
Both signatures also discriminated cases of AD from other (non-AD) forms of cognitive impairment or dementia, with sensitivities and specificities .70% in the present sample. The differential diagnosis between AD and other forms of neurodegenerative disorders is another important application of CSF biomarkers, particularly addressing cases with mild symptoms or at early stages of the disease process. Studies have already demonstrated that CSF biomarkers discriminate well cases of frontotemporal dementia from AD [40] , with estimates of diagnostic accuracy ranging from 93% to 99% [41] . On the other hand, studies addressing vascular dementia, dementia with Lewy bodies, and Parkinson's disease-related dementia failed to provide a clear diagnostic discrimination from AD [42, 43] . This limitation can be attributed in part to the difficulties in establishing accurate diagnoses based solely on clinical criteria, and to the fact that many cases may display mixed etiologies, particularly in the presence of vascular burden [44] . In our study, the best diagnostic accuracy was obtained using the Ab 1-42 /P-tau ratio, which discriminated AD from other dementias with an SE of 85% and an SP of 71%. In a recently published clinicopathologic study using this combination of biomarkers (i.e., P-tau/Ab 1-42 ), Seeburger et al. [45] reported a similar SE value discriminating AD from other dementias. It is important to mention that the group of non-AD cognitively impaired patients in the present study comprised cases of non-AD neurodegenerative dementia and also cases of cognitive impairment or dementia secondary to major psychiatric disorders, largely represented by cases of geriatric major depression and latelife bipolar disorder.
A limitation of our study is the relatively small sample size as compared with those used by large-scale multicentric studies, and the small number of cases of dementia due to other (non-AD) etiologies. Nonetheless, we included an important subsample of patients with cognitive impairment associated with primary psychiatric disorders, namely geriatric depression and late-life bipolar disorder. We understand that these are highly prevalent conditions at psychogeriatric services, which invariably present with cognitive symptoms that require diagnostic and prognostic elucidation. We also acknowledge that lumbar puncture is an invasive/aversive method that may render a proportion of older patients or their relatives prone to reject the procedure; nonetheless, available evidence supports its safe use in the diagnostic workup of cognitive impairment [46] . In the present study, we observed a very low incidence of complications related to lumbar puncture (2% of adverse events of any kind), including back pain (1%), headache (0.8%), and dizziness (0.7%). In all cases, complaints were mild, transient, and benign, except for one case requiring blood patch with full recovery. Participants in the AD group were less educated, although this difference did not reach statistical significance. This may be in part explained by the fact that poor education is a risk factor for dementia. This source of bias is common in studies conducted in developing countries such as ours, where social inequalities strongly impact on the access to education, which requires that this source of bias be treated statistically, in addition to using cognitive tests with cutoff scores adjusted for educational level.
A recent consensus from the Alzheimer's Biomarker Standardization Initiative stated that lumbar puncture for AD biomarker analysis in the CSF should be included in the routine assessment of patients with suspected early onset AD, atypical presentations of late-onset AD, and also prodromal AD [46] . Nonetheless, the routine clinical use of these biomarkers is still not recommended in spite of the encouraging results presented by many research groups internationally. Although good within-laboratory interday precision may be obtained with the establishment of robust protocols [47] , there is still a large interlaboratory variability that prevents the establishment of universal cutoff scores, and no reliable values have been provided so far to guide the interpretation of single results in the clinical setting [48, 49] . Apart from random variation, different laboratories may present systematically higher or lower mean biomarker results, also when the same assay is used, depending on details in regard to exactly how the assay is performed. This type of bias can be detected in external control programs and could be dealt with by establishing more robust assays with fewer manual steps. Fagan et al. [50] compared two widely used methods for the determination of AD-related CSF biomarkers, namely the INNOTEST and the INNO-BIA AlzBio3 assay, which are based on enzyme-linked immunosorbent assay (ELISA) and Luminex platforms. The assay platforms yielded different (approximately twofold to sixfold) absolute measurements for CSF Ab 1-42 , T-tau, and P-tau, but values were highly correlated. In addition, both assays yielded similar patterns of correlations between CSF concentrations of Ab and intracerebral amyloid load, as determined by Pittsburgh Compound B (PIB) imaging with Positron Emission Tomography (PET). The authors concluded that both ELISA and Luminex-based platforms perform well, albeit with differences in absolute values, which reinforce the need for assay-specific diagnostic cutoff values. In our study, the AlzBio3-derived Ab 1-42 results were much higher than those reported in the Alzheimer's Disease Neuroimaging Initiative study in which the same assay was used [5] , whereas T-tau and P-tau levels were similar. This result underscores that, for the time being, each laboratory must use internally validated cutoff values and make sure they maintain longitudinal stability in their measurements to be able to use them [51, 52] .
Nonetheless, the analysis of CSF biomarkers may yield important diagnostic and treatment-decision insights at specialized memory clinics: clearly abnormal values of Ab 1-42 , T-tau, and P-tau in patients with episodic memory impairment support a diagnosis of prodromal AD; conversely, the diagnosis of AD may be ruled out should all three biomarkers read within the normal range. Yet, most cases will probably display intermediate results and require longitudinal monitoring and reassessment [46] .
Conclusion
CSF biomarkers represent a valuable tool in the differential diagnosis of cognitive impairment in the elderly and prediction of dementia due to AD. New guidelines have incorporated molecular, genetic, and neuroimaging biomarkers to clinical criteria to the benefit of diagnostic accuracy, i.e., increasing the certainty that AD pathology is present and is the most likely cause of dementia or, at earlier stages of the disease process, indicating the probability of progression from mild impairment to dementia. The analysis of CSF concentrations of Ab , T-tau, and P-tau provides good diagnostic accuracy, particularly when used in combination ("signatures"). Our results follow the trends of international reports. Thr-phosphorylated-tau provides good diagnostic accuracy, particularly when used in combination ("signatures"). Nonetheless, the cutoff values presented here are different from those derived from other laboratories, which reinforces the notion that the method, in spite of having a good overall consistency, is not ready for translation into clinical practice.
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Future directions:
The present set of data adds to the limited body of information on AD-related CSF biomarkers derived from research groups in non-US/ European countries. To the best of our knowledge, this is the first study to define cutoff values for ADrelated CSF biomarkers in Brazil. Until the worldwide efforts toward the standardization of CSF biomarker values are complete, we understand that similar studies of diagnostic accuracy of AD-related biomarkers in distinct settings are welcome.
